Three experiments employing a fivechoice button-pressing task tested the ability of Parkinsonian patients to learn and generate sequences of movement, and to switch between alternative sequences at will. It was found that patients could learn and generate individual patterns of movement normally, even complex ones involving an incompatible stimulus-response relationship. They had difficulty, however, in maintaining a sequence if two different ones had been learnt and subjects were required to switch spontaneously from one to the other within a trial. Providing external cues at the start of each sequence to guide the ordering of movements improved the stability of patients' performance. Most errors in sequencing consisted of reverting to the alternative pattern of movement. Parkinsonian subjects thus show an impairment in motor set similar to that found previously in cognitive activity.
Marsden,'0 a motor plan has motor programs for individual movements as its constituent elements and involves the smooth integration and sequencing of a series of motor programs. Thus while a motor program describes the characteristics of a single movement, a motor or action plan involves the selection of one or more motor programs to achieve a goal. This hierarchical model is similar to those in motor skills research which postulate a hierarchical organisation of motor control, with response selection determined by a central supervisory program assembling prepared subroutines for individual movements.'" Thus the difficulty Parkinsonian patients have in generating sequential or simultaneous motor programs would reflect a dysfunction at the level of motor planning, implying a deficit in putting together response programs independent of any impairment in response programming of individual movements.
In another study Cools et al"2 considers the Parkinsonian deficit in sequential movement to be one of central programming and further to this Cools et al" coined the term "shifting aptitude" to describe the ability to rearrange "arbitrarily" the serial order of components of behavioural actions. They hypothesised that Parkinsonians have a decreased shifting aptitude for behaviour not directed by currently available sensory information, and that this diminished capacity is a behavioural impairment which manifests itself in both cognitive and motor activities.
One measure employed by Cools to test their shifting aptitude theory was a motor activity task, where subjects were asked to tap with their fingers in two sequences: (a) 1-2-3-4-and then (b) 1-3-2-4-with subjects having to change from the first to the second sequence within an allotted time. The reduction in score on the second task was taken as a measure of their difficulty in shifting from the strategy appropriate to the first task, whose score is a baseline for comparing the second sequence: this was accounted for in terms of an inability to generate finger movements spontaneously.
This task can be criticised, however, for a lack of controls. It is not clear that what was tested was specifically the ability to "shift aptitude", that is, switch from one sequence to another, because there was no procedure to establish if subjects could produce each of the requisite sequences individually. Nor, having switched from the first to the second sequence, were patients tested for long enough without a time constraint to see if they could at any point reach the same level of performance as control subjects. Moreover Motor set can be described as the characteristic of an action plan which determines the kind of movement or sequence of movements to be executed to fulfil the goal or intention contained within the plan. (It is not concerned with the parameters of movement such as force, timing or precision but rather with the general description of the movement for example, press button A rather than B, or push rather than pull the handle.) A secondary aspect of this process is the ability to alter the sequence where appropriate, either in response to a change in environmental circumstances or with a change in goal.
Therefore, set functions (a) to maintain a series of movements within the parameters of the action plan to achieve a given goal; (b) to exclude other competing possible sequences of action; and (c) to react to any events requiring a change in the motor sequence by initiating a new movement program or sequence of programs. When there is a breakdown of set, the action plan will be disrupted and there is likely to be an inability to maintain the task. Therefore, failure to achieve an action plan may be a consequence of the failure to maintain motor set (as distinct from other deficits such as miscalculating what the appropriate movement should be, mistiming the onset of action with events in the external world, or failing to coordinate the components of complex actions, all of which could equally well disrupt the execution of a motor plan, even though the subject's initial selection of responses was correct within the plan).
To explore the concept of motor set difficulties in Parkinsonism resulting in poorly executed action plans, three experiments were performed designed to reveal whether patients can a) learn and execute repeatedly different response sequences; and then b) change from one sequence to another within an action plan. The intention was to distinguish between the ability on the one hand to understand, remember and generate spontaneously the correct motor sequences, and on the other, to initiate or restrain them at will. The test used a sequential button-pressing task, and was devised to give a measure of response selection accuracy independent of the subjects' performance of the chosen movement, because the interest here was in the subjects' choice of response as distinct from their speed or accuracy of execution. EXPERIMENT 1 Method Experimental task The experimental task required subjects to make a series of discrete movements in a given order in various repetitive sequences. The display consisted of five red push-button microswitches which could be illuminated as stimulus lights by LEDs inside them. They were mounted on a board sloping at 300 from the horizontal (figure) and placed equidistant around a sixth similar green button, so that a subject could see all the red switches while resting the index finger of the preferred hand on the centre green button. (For the purposes of analysis and description the lights will be referred to as 1, 2, 3, 4, and 5 numbered clockwise from the bottom left-hand corner, but the numbers did not appear on the actual display.) The buttons measured 15 mm in diameter and were spaced 10 cm apart, so that the subjects' choice of response was never in doubt and they were easily able to hit the button of their choice each time.
During initial training trials, subjects were required to move from the centre button to a peripheral target button when it lit up, to press the button (causing it to go out) and then return The first sequence of outer buttons was 2-4-1-5-. This sequence of four lights was repeated ten times, which comprised one training trial. A minimum of three trials were presented to all subjects during this learning phase. The instructions to all subjects were uniform. They were to follow the lights and learn the sequence so that they would be able to reproduce it later.
After three trials had been completed (a total of 120 outer button responses) subjects were given a test trial to determine if the sequence had been learnt. For this purpose they were requested to reproduce the sequence by pressing the buttons in the correct serial order, but the lights did not illuminate. The computer recorded the button presses and displayed them on a visual display unit for inspection. In all cases the sequence was correct for all 10 cycles of the four-light sequence which made up the test trial, so subjects then proceeded to learn the second sequence (5-1-4-2-), the procedure for which was exactly the same as for the first. It was again followed by a test trial to establish that the sequence had been learnt.
Having learnt the two sequences separately, subjects were then instructed that they were to learn to produce them successively within one trial. The signal to switch sequences would be the illumination of the top red button (Number 3) which needed to be pressed to switch it off. Thus subjects were to follow the first sequence as the lights came on; when the top button lit up they were to press it to turn it off and then continue with the second sequence. The switch occurred half-way through the trial. The purpose of this phase of the experiment was to familiarise subjects with the conditions of the "set" task. Two trials of this task familiarisation were given.
At this point subjects had completed six learning trials plus two test and two task familiarisation trials. They then did two "switching" trials: this constituted the test proper. In these trials they were required to reproduce the first and then the second sequences in the same manner as in the task familiarisation trials, but the four red lights for the sequences did not illuminate. The only lights involved were the green reference button and the top centre button which indicated when to switch sequences. After these trials Table 1 are pooled for clarity of presentation but the effect was significant for each trial separately.) Thus while Parkinsonian subjects were able to reproduce each sequence on its own with few errors, they produced significantly more errors when having to continue the "set" task. Scores for each sequence were about equal in all test trials in both subject groups, none of the differences between Sequence A and Sequence B scores reaching significance on a Wilcoxon test. Table 2 shows the number of Alternative, Repetition and Error responses made by the Parkinsonian group in the switching test trials (Controls were not included because they produced very few errors). In all sequences a Chi-square analysis showed a significant effect, with Alternative responses constituting the great majority of errors. Thus where patients make mistakes they involve predominantly reverting to the alternative sequence ofactions.
Discussion
In this first experiment many patients had significant difficulties compared with control subjects in maintaining control over the sequencing of their actions when two incompatible series had to be generated in the same trial. The impairment is not a failure of memory for motor actions, because their performance on the initial test trials (4 and 8) showed that the Parkinsonian patients can reproduce the sequences separately over an equivalent period of time and number of responses. Nor, for the same reason, is the problem due to any cognitive misunderstanding. It arises as a behavioural disturbance whereby patients experience difficulty producing one sequence of actions when two or more are equally available. This is similar to the suggestion by Cools et al213 that patients have a difficulty with "shifting their aptitude" and switching their behaviour on an arbitrary basis. But whereas that study involved separate tasks, the experiment here showed the effect with two similar motor sequences each of which subjects had been shown capable of reproducing alone.
The Odd-Man-Out mental set test used in our previous investigation'6 showed that, when there are alternatives which provide ambiguity in a cognitive decision task, Parkinsonian subjects have difficulty in suppressing the intrusion into behaviour of an alternative rule, resulting in an instability in applying the currently correct rule. Patients were not simply distracted by novelty, nor were they generally confused, because neither the third alternative, nor the common item of the group was consistently selected. In this condition subjects, having learnt the sequences separately and satisfactorily, were required to reproduce them together, switching from first to second. After this, subjects were given an additional cue during preview trials to aid their selection and had to reproduce the sequence during the remainder of the requisite trial. After completing four preview trials, subjects then completed two further test trials without any cues or lights illuminating. The sequences used were different from Experiment 1 but were of the same length (first sequence 4-2-5-1-; second sequence 1-5-2-4-). The sequence of trials is summarised in table 3.
Subjects
Nine Parkinsonian patients from Experiment 1 participated in Experiment 2 (one patient dropped out due to extraneous illness). Ages ranged from 54 to 72 years (mean 63, SD 7-1 years). Webster ratings were from 6 to 12 (mean 8-3, SD 2 0) and duration of symptoms were from one to 10 years (mean 5-6, SD 3-1 years). The same 10 control subjects from Experiment 1 took part in this experiment.
Results Table 3 shows the number of correct responses in each test trial of Experiment 2. On trials 3 and 6 the results show that satisfactory learning had taken place in both groups with no significant differences between them. On Trial 9, however, (reproducing both sequences in one trial without cues) Parkinsonian and Control group performances differ for both sequences. Also the patient group's scores are significantly worse for each sequence than those on the comparable trials 3 and 6 (Wilcoxon T = 1, p < 01 in both cases, using prorated scores for comparison.) Up to this point Experiment 2 mimics the effect seen in Experiment 1.
Scores on Trials 10 to 13 (preview condition) are also shown in Table 3 . On these preview trials significant between-group differences were found on Trial 10 for both sequences and on Trial 11 for the second sequence only; on Trials 12 and 13 scores were not significantly different. Therefore, over the second halfof the preview condition the Parkinsonian performance showed marked improvement. On these latter trials 12 and 13 the pro-rated Parkinsonian scores for both sequences do not differ significantly from the comparable scores of trials 3 and 6 (all Wilcoxon tests not significant), and all are better than those of trial 9, although with the reduced number of responses scored in these trials only one score In serial activity each correct response is contingent on the previous action and in turn serves to order and anticipate the next action. With an initial correct sequence of actions in the preview condition the plan is adequately represented for the actions to proceed step by step. But in the immediately following non-cue test trials, there was no external indication of what the next action should be, and because patients could not adequately provide the input internally, mistakes began to be made. EXPERIMENT 3 The third experiment tested the possibility that the PD impairment is in remembering or combining action sequences, especially where two have to be held in store and accessed in the same trial. Subjects were first asked to learn two component sequences with cues, and to reproduce them without cues, and were then required to combine the two sequences into a single longer one. As an added load on the memory/performance system, subjects were asked to make a transformation on the display, so that they pressed a button different from the one that lit up each time. Any difficulty subjects have in organising and planning action sequences should, therefore, show up on this incompatible stimulus-response layout, especially if the difficulty involves holding and/ or combining two elements, or holding more than a certain amount of material in the memory at one time. This complex combination of elements, however, did not involve a problem of set, as it did not require switching between alternative and incompatible sequences.
Method Experimental design
The purpose of this experiment was to test the ability of subjects a) to perform two separate mental transformations of information in selecting their responses, b) to combine two transformed sequences together in one trial, c) to learn a single motor sequence on the basis of their understanding, and d) to execute the learnt motor sequence without stimulus lights.
The experiment was structured so that contained within the relationship between buttons was a latent motor sequence which subjects would eventually learn and reproduce. Subjects were first required to learn specific relationships between the five red peripheral buttons. Thus they had to press, not the button that illuminated each time, but one of the other buttons, according to the following associations:
Light 1 on-press button 3 Light 3 on-press button 1 Light 2 on-press button 5 Light 5 on-press button 4 Light 4 on-press button 2
For the purposes of learning, these associations were divided into two sub-units, one between lights 1 and 3, and one between lights 2, 5 and 4. These two sub-units were leamt separately in order to first establish the stimulus-response relationship for each button, and were then combined on later trials. All subjects first learnt the relationship between lights 1 and 3 over two trials of 50 responses each. To test that subjects had learnt the relationship a third trial (Trial 3) was completed in which the lights came on in a pseudo-random manner instead of the fixed sequence of previous trials; subjects were required to press the other button each time as before.
After the first relationship had been learnt the second sub-unit was introduced for subjects to learn the association between lights 2, 5 and 4. Three trials of 50 responses each were performed (Trials 4, 5 and 6) followed by a test trial (Trial 7) where the peripheral lights were illuminated in a random order.
In the next phase the sub-units were combined. Subjects, following the lights, pressed the buttons in accordance with the learnt stimulus-response associations in a continuous repetitive sequence. This phase comprised five trials of 50 responses each (Trials 8-12) during which subjects were told to learn the latent button sequence of 1-3-5-4-2-which was not apparent from the sub-units but was embedded in the combination. After five sequencelearning trials, subjects proceeded to the test phase. The test was to reproduce the combined sequence by pressing the buttons in the correct serial order without any illumination of the red lights. The test phase comprised five trials of fifty responses each (Trials 13-17).
Subjects
Ten Parkinsonian patients, ranging in age from 54 to 73 years (mean 62, SD 7-6 years) took part. Webster ratings ranged from 3 to 10 (mean 7 0, SD 2 2) and duration of symptoms from one to 12 years (mean 7T0, SD 3-6 years). Ten controls were tested, ranging in age from 54 to 67 years (mean 61 0, SD 4-5 years). Table 5 shows accuracy scores for the initial sub-unit test trials, with a perfect score for the first sub-unit (Trial 3) and satisfactory performance scores for the second sub-unit (Trial 7) in both subject groups. Scores for Trials [8] [9] [10] [11] [12] (following the two sub-units combined) and Trials [13] [14] [15] [16] [17] Motor control theorists such as Schmidt23 emphasise that motor memory in learnt skills is unlikely to involve the direct storage of movement programs per se, as this would be inefficient and wasteful in terms of processing and storage space in the nervous system. Many variables would have to be stored, including all the degrees of freedom necessary for a movement. In preference to the notion of storing motor programs, they suggest that what is stored is the schema or algorithm for the action. This contains the abstract rules for fitting together relevant actions to carry out the overall plan, the values of which may be changed to suit current requirements. Thus the central representation of a movement is not a finite array of stored programs, but rather a means by which different combinations of movements matched to behavioural requirements can be generated. This process is referred to by Schmidt as a process of rule generation. During the learning of a task data are thrown away but, instead of the motor program itself, the rule is retained to be used again in similar situations.
Results
On this basis, akinesia may stem from an inability to select and/or maintain internal control over the algorithms which generate actions, even though perceptual and motor mechanisms are in themselves intact. The problem is not in operating the algorithm (because patients can run off a single sequence) but in running an internally selected algorithm that contains the correct sequence of actions and not an alternative. Therefore, akinesia is not only a delay in the initiation of movement but also a disruption in the choice between actions at the junction box of perceptual-motor activity, that is, an instability of set. This highlevel impairment can apply equally to cognitive (decision-making or active perception) activities or to overt motor actions, so that it is not surprising that similar effects to those reported here have been found in cognitive tasks'6 and perception of ambiguous figures.24
The present motor set impairment, where knowing what to do cannot be properly integrated with the motor mechanism for actually performing the action, parallels that reported by others. For example Schwab'25 showed that Parkinsonian subjects have a difficulty in performing two voluntary actions at the same time. The impairment is especially marked where a previously selected action from a number of alternatives had to be maintained, that is, a task involving set. This may explain the sporadic "freezing" experienced by many Parkinsonian patients in the middle of ongoing actions, even where well-practiced activities such as walking are concerned. Note also that directing patients' attention to a visual cue to initiate their actions may help them overcome freezing.)
The similarity of such planning difficulties with results from our previous cognitive task '6 also parallels that found in more general intellectual tasks by Taylor et al. 
